Introduction
Warfarin [3-(α-4-acetonylbenzyl)-4-hydroxycoumarin] has found extensive use both as a rodenticide to control the population of rodents, mainly rats, and as a pharmaceutical preparation in the treatment of thromboembolic disorders. It impairs blood coagulation, leading to hemorrhage as the ultimate cause of death. 1, 2 Numerous determination methods have been developed for this analyte. HPLC procedures have been used for routine warfarin determination; these are based upon different detection methods. [3] [4] [5] They are relatively sensitive and reliable, but require expensive instrumentation and often involve lengthy sample preparation procedures such as previous extraction, ultracentrifugation, etc.; therefore, the whole analysis procedure is relatively slow and complex.
Direct measurements of warfarin using spectrophotometric methods are also used. 6, 7 Moreover, its native luminiscence also allows its direct determination by conventional spectrofluorometry 8 and phosphorimetry. 9 They are simpler than chromatographic methods, but usually have poor specificity and sensitivity (detection limits in the range 1 -10 µg ml -1 ). Attempts have been made to improve the sensitivity of the spectrofluorometric measurement of warfarin by adding cycodextrins such as β-cyclodextrin in order to enhance spectrofluorometric or room temperature phosphorimetric phenomena. [10] [11] [12] However, these methods are still timeconsuming and a derivatization step is necessary. Other techniques such as radioimmunoassay 13 have also been employed.
Solid-phase spectrofluorometry, proposed by Waki et al., 14 is a very sensitive technique widely used. It employs the direct measurement of the fluorescence of an active solid support which previously has sorbed and preconcentrated the species of interest (the analyte or a derivative compound from it). This technique has been applied to the determination of several pesticides in water, including warfarin. 15 Nevertheless, although this technique affords high sensitivity, a relative large volume is required, and a physical separation of the solid support from the bulk solution has to be performed prior to the measurement (batch mode). An alternative technique which can be used in order to avoid these inconveniences is FIA (flow injection analysis) methodology combined with solid-phase spectrofluorometry:
flow-through solid phase spectrofluorometry. These new systems allow both a quick analysis and an important increase both in selectivity and sensitivity as a result of the selective preconcentration of the analyte on the sensing support. They have been used for the determination of B6 vitamers by previous derivatization, 16 or for the direct determination of pyridoxine 17 as well as salicylamide and salicylic acid mixtures 18 by native fluorescence of the analytes on the solid support.
The aim of this study was to develop a very simple, sensitive and fast method for the automatic determination of warfarin by using flow-through solid phase spectrofluorometry. The sampling frequency was enhanced due to two facts: a) the analyte was directly fixed on the solid support, without any previous derivatization reaction; and b) the retention was transitory because the carrier itself desorbed the analyte from the sensor. The proposed method was satisfactorily applied to the determination of warfarin in commercial products, pharmaceutical preparations and water samples.
Experimental

Chemicals
All experiments were performed with analytical-reagent grade chemicals, pure solvents and deionized water. Warfarin (SIGMA) stock standard solution (100 ppm) was prepared by dissolving 10 mg in 50 ml of methanol (96%) (FLUKA) and diluted to 100 ml with deionized water. The solution was stable for at least one month when it was kept from the light, and maintained in a refrigerator at about 5˚C. Working solutions were prepared daily by appropriate dilution of the stock solution with deionized water.
The carrier solution used in the FIA experiments was NaCl (0.25 mol l -1 )/NaOH (10 -4 mol l -l ) solution. Sephadex QAE A-25 anion exchanger gel (ALDRICH) was used in the OH -form as solid support. Other tested supports were: Sephadex SP C-25, DEAE A-25, and CM C-25, octadecyl silane C18, and Dowex 50 Wx8.
Apparatus
Fluorescence emission measurements were obtained with a Perkin Elmer LS-50 spectrofluorometer interfaced with a Mitac MPC 3000F-386 microcomputer supplied with FL Data Manager Software V. 2.50 (from Perkin Elmer) for spectral acquisition. Instrument excitation and emission slits were set at 2.5 and 15 mn, respectively. A four-channel Gilson Minipuls-3 peristaltic pump with rate selector was used to generate the flow stream. A four-way Rheodyne Model 5041 rotary valve with a single tube loop was used for sample injection. PTFE tubing of 0.8 mm i.d. was also used. The spectrofluorometer was furnished with a Hellma 176-QS quartz flow-through cell with a light-path length of 1.5 mm (25 µl inner volume), packed with the appropriate resin. All the light-path was filled with a suspension of Sephadex QAE A-25 resin in water with the aid of a syringe. The level of resin used was sufficient to cover all the detection area. The cell was blocked at the outlet with some glass wool to prevent displacement of the Sephadex particles by the carrier; the inlet of the flow-through cell was kept free.
Procedure
The sample solution of warfarin (100 or 600 µl) was inserted into the carrier at a flow rate of 1.14 ml min -1 . The analyte went through the flow cell where the retention process took place on the anionic Sephadex QAE A-25 gel. Fluorescence emission was measured continuously using an excitation wavelength of 312 nm and an emission wavelength of 393 nm. The slit widths were 2.5 nm (excitation) and 15 nm (emission). As the sample plug passed through the solid sensing zone, the analytical signal was developed. When the signal reached the maximum, the analyte was desorbed from the flow through cell by the carrier itself, without an additional eluent, so returning the signal to the baseline (Fig. l) .
Results and Discussion
Spectral characteristics and selection of ion-exchanger
Several types of both conventional chromatographic supports and ion-exchangers with different functional groups were tested: anion exchangers on dextran (Sephadex QAE A-25, Sephadex DEAE A-25), cation exchangers on dextran (Sephadex SP C-25, Sephadex CM C-25), non polar sorbents (octadecyl silane C18) and cation exchangers on polystyrene (Dowex 50x8). Conventional flow injection analysis without solid support into the flow cell was used as reference to evaluate the support efficiency.
Anion-exchange resins showed higher retention capabilities than cation-exchangers, due probably to the anionic structure of warfarin under the working conditions. Sephadex QAE A-25 proved to be the best with regard to retention capacity and reproducibility.
The emission fluorescence spectra of warfarin, both in aqueous solution and on Sephadex QAE A-25 using 800 ng ml -1 of warfarin (600 µl of sample volume), have been obtained. For the spectra in aqueous solution, the maximum excitation wavelength is 309 nm and the emission maximum is 389 nm. The spectrum of the analyte fixed on Sephadex QAE A-25 resin showed the maximum excitation wavelength at 312 nm and emission maximum at 393 nm. The bathochromic shift in maxima emission and excitation wavelengths can be attributed to the modification of the surrounding environment of warfarin in the solid phase with respect to the solution. At the solid phase wavelengths found, the emission signal due to the resin (background) is low (about 250 units) so they were chosen for next experiments. In this comparison it also can be deduced that the retention of the analyte on Sephadex QAE A-25 gel resulted in a fluorescence signal about 25 times higher than in aqueous solution, working in the same conditions and in the same flow cell. This is a result of the preconcentration of warfarin on the detection area itself.
Influence of pH of the carrier solution and pH of the sample
The effect of pH on the fluorescence intensity was studied in the carrier and in the sample. Aqueous solutions were adjusted at different pH values with an appropriate concentration of HCl or NaOH being used as carrier solution. pH values between 2 -12 were tested, and one electrolyte (NaCl) was used in order to enable the analyte to get the totally irradiated area more quickly. Without this electrolyte, the analyte was fixed strongly on the previous zone of the resin which was not irradiated by the instrument. Moreover, this electrolyte allowed a quicker displacement of the analyte along the resin and the complete elution from the solid support by the carrier itself in a short time. The fluorescence signal was maximum over the pH range 6 -11. This is not a strange result taking into account that pKa of warfarin is 5.05, 19 which explains that at pH 6 the desprotonation of the analyte has been produced. For pH values below 6, fixation of warfarin is lower because it is not in anionic form. Finally, pH 10 was selected for the next experiments.
Several carrier solutions were prepared, each containing NaOH 10 -4 mol l -1 and one electrolyte. Various electrolytes were tested: NaCl, KCl, NaNO3 and Na2CO3. Although all of them produced the elution of the analyte, NaCl was chosen because the signal of warfarin was slightly higher (6%) with respect to the other electrolytes, although the elution time was similar (only 5 s lower). In this way, no eluent solution was necessary for the desorption of the analyte from the solid support and regeneration of this latter after carrying out the measurement. Various concentration levels of this electrolyte were tested (between 0.005 and 0.5 M); the best emission intensity was obtained with a concentration of 0.25 M. Higher concentrations caused stronger self-elution of the analyte from the solid support, thus significantly decreasing the signal. Therefore, a solution NaCl (0.25 mol l -1 )/NaOH (10 -4 mol l -1 ) was used as carrier/elution solution.
The sample pH values between 3 -12 did not influence the analytical signal when its value was maintained in this range, hence, there is no need to adjust the sample pH.
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Other experiment conditions
The effect of the sample volume relative to the sensitivity was studied. It was showed that the increase of fluorescence intensity was linear in the range 100 -1600 µl, but for sample volumes higher than 1600 µl, the increase observed on the signal was not significant. The only inconvenience of using a large volume of sample is the decrease in the sampling frequency. So, the selection of the sample volume should reflect a consideration of sensitivity and analysis speed. In this paper, two working sample volumes were selected: 100 and 600 µl.
The effect of the flow-rate was investigated. An increase in the flow rate resulted in decreasing peak heights and lower residence times and signal development times. It was found that a change in the flow-rate from 0.29 to 1.53 ml min -1 decreased the sensitivity by 34%.
In all subsequent experiments, the flow-rate was maintained constant at 1.14 ml min -1 as a compromise between sensitivity and throughput.
Figures of merit and effects of ionic and organic species
The main analytical features are summarized in Table 1 . This table contains the figures of merit of the proposed method for 100 and 600 µl sample volumes. The results were evaluated by a statistical analysis of the experimental data by fitting the overall least squares line according to y = a + bx. 20 The diagram corresponding to the calibration curve for a sample volume of 100 µl is shown in Fig. 1 .
The reproducibility was studied for ten independent analyses of solutions containing 2.0 (100 µl) and 0.6 µg ml -1 (600 µl) of warfarin, respectively. The limit of detection, DL (K = 3) and the limit of quantification, QL (K = 10) are also reported in Table 1 , where K is a numerical factor chosen in accordance with the confidence level desired. 21 The proposed method compares very favorably with spectrophotometric, spectrofluorometric and phosphorimetric methods [6] [7] [8] [9] [10] in terms of sensitivity and DL because their detection limits are not lower than 1 µg ml -1 . An additional advantage of the proposed method is its ability to determine warfarin in aqueous media without derivatization or previous extraction processes.
The effect of foreign species is studied using a warfarin concentration of 2 µg ml -1 and adding other species of pesticides and ions in different concentrations. A foreign species is considered not to interfere if it produces an error smaller than ±3% in the analytical signal. If any interference was observed, the ratio was reduced progressively until the interference ceased. Ionic and organic species (pesticides) and EDTA have been tested, and the tolerated interferent/analyte, (w:w) ratios obtained are: EDTA, NH4 + : >1000; Cl -: 400; imazalil: 160; dimethoate: 100; Al 3+ , Cu 2+ : 25; Cr 3+ : 5; α-naftol, o-phenylphenol: 2; Fe 3+ , thiabendazole: 1. Tolerance levels (w/w ratio) of some studied species have been compared for the proposed method and for conventional spectrofluorometry in homogeneous phase solution. The results show that, for other fluorescent pesticides (which are potentially present in natural waters) such as α-naftol, imazalil, thiabendazole or o-phenylphenol, the tolerance level in the proposed method is 4, 16, 20 and 40 times, respectively, higher than that in the homogeneous solution method. Therefore, the proposed method is highly selective, due to the retention of the analyte anion by the resin and its consequent separation from the matrix.
Applications
The method was applied to the determination of warfarin in pharmaceutical preparations ("Aldocumar") and in rat poisons ("Mosfertil", and "Raticida Kol") using 100 µl of sample volume. After treatment and suitable dilution to fit the concentration of the analyte within the linear calibration range, the samples were injected in triplicate. The labeled amounts in the pharmaceutical and rat poisons are 10.0 mg/tablet, 0.0375% and 0.0500%, respectively. In all cases data were in good agreement with the labeled amounts. The recovery means obtained (three determinations) were 97.8, 102.3 and 101.4%, with relative standard deviations of 0.4, 1.0, and 0.8%, respectively.
In addition, the accuracy of the proposed method was further checked by adding known amounts of warfarin (1, 2, 3 and 4 µg ml -1 ) to the previously analyzed pharmaceutical preparation, to one of the rodenticides ("Mosfetil"), and finally, to tap water. Results are shown in Table 3 . The average recoveries obtained by the proposed method were between 96.8 and 102.9%, and the higher standard deviation was 1.0%, indicating good accuracy and precision. 
